Recently, the separation of waste printed circuit boards (WPCBs) using organic solvents has become more prevalent because it is an environmentally friendly and efficient technique. However, the relatively high temperatures ($135 C) used during the separation process lead to higher energy consumption, faster solvent degradation, and possibly higher emissions of toxic fumes. This work aims to develop a new approach to separate all layers of WPCBs at lower temperatures to avoid the above-mentioned drawbacks. Di-methyl formamide (DMF) was used in the present technique as an organic solvent, while ultrasonic treatment was applied in order to accelerate the breakage of the internal van der Waals bonds of brominated epoxy resin (BER), thus decreasing the separation time. The experiments were conducted on five WPCB samples with the same surface area of 100 mm 2 , cut from five different WPCB models.
Introduction
In the last ten years, the recycling of waste printed circuit boards (WPCBs) has increasingly been taken seriously for two main reasons. The rst is that WPCBs contain a considerable amount of metallic and non-metallic components such as copper (Cu), iron (Fe), tin (Sn), nickel (Ni), lead (Pb), zinc (Zn), silver (Ag), gold (Au), palladium (Pd), and berglass encapsulated in resins; WPCBs could be used as a source of valuable raw materials for recycling even though their mass share in the overall electronic waste stream is only $6%. The second reason is that the environment needs protection from the harmful substances contained inside WPCBs; these substances can be released as a result of landlling the abovementioned waste or treating it with traditional methods such as incineration, which generates some toxic gases and carbon dioxide emissions. The global generation of e-waste around the world is assessed to be signicant, being 65.4 million tons in 2017, an increase from 20 million in 2000. This drastic increase in the generation of waste electrical and electronic equipment (WEEE) is a result of the integration of electronic devices into almost every sphere of human life and the appearance of completely new electronic products with high popularity, especially computers and mobile phones. Altogether, this leads to the accumulation of high amounts of WEEE. [1] [2] [3] [4] [5] [6] Therefore, a number of methods have been developed and applied for treatment of WPCBs; these include mechanical separation, biological recycling, crushing, hydrometallurgical and pyrometallurgical treatment, pulverization, plasma treatment, etc. [7] [8] [9] [10] [11] [12] [13] However, many of these methods have certain restrictions related to energy consumption, process efficiency, recovery yield or recycling rate, economic protability, pollution rate, and a limited focus on metals or non-metals recovery only.
14-18 These problems emerged as a result of the complexity of WPCB structure, which is comprised of berglass reinforced with resin and metal parts having a high hardness and tenacity.
11,19
An organic solvent treatment method was recently employed as a new environmentally friendly recycling technique with a signicant reduction in the emission of toxic gases and high efficiency for WPCB separation. 20 Summarizing the new technique, its main principle lies in the dissolution of brominated epoxy resin (BER) by using different solvents to break the internal van der Waals bonds between BER and other components of WPCB; hence, BER is gradually dissolved in the solvent, and delamination of the WPCBs followed by a complete separation occurs.
21 N-Methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), and dimethyl formamide (DMF) are common solvents used in this separation approach due to their high boiling point, relatively high viscosity, and high thermal stability with an effective ability to dissolve numerous organic and inorganic chemicals without corroding metals.
22-24
However, the physical and chemical properties of NMP and DMSO were discouraging in view of commercial viability as well as in terms of public health, since DMSO is classied as a highly hygroscopic solvent with high specic heat, high viscosity, and an ability to penetrate human skin; furthermore, its vapors are heavier than air.
Dimethyl formamide (DMF) is an aprotic solvent, colorless, and relatively cheaper when compared with DMSO and NMP. Also, DMF is more stable up to its boiling point of 153 C, with low evaporation rates. This motivated Verma et al. (2016) to replace DMSO and NMP with (DMF) to achieve the dissolution of BER in WPCBs and separation of its components. They investigated the effect of various parameters on the optimum dissolution time and the concentration of BER in DMF. 25 The results showed that the technique was most effective with the following parameters: WPCB sample size of 1 cm Â 1 cm, separation time of 4 hours, and temperature at 135 C. Although the reported results of the technique were promising, it still required relatively high energy consumption (135 C), which is difficult to apply on an industrial scale. Also, it was noted that most of the WPCB recycling techniques were focused on the development of the approach and applied only on one type of WPCB model, despite each model having a different congu-ration, e.g., different numbers and structures of woven ber-glass layers, the presence or absence of ller materials inside the substrate, different soldermask types, size and shape of conductive tracks, etc. 26 Thereby, this work aims to develop an environmentally friendly and economically feasible approach for the recycling of WPCBs that is applicable on the industrial scale for all WPCB models, using DMF and ultrasonication treatment at low temperatures.
Experimental

Materials and sample preparation
Analytical grade reagents used in the present investigation include dimethyl formamide and pure ethanol (Sigma-12 Aldrich Corp.). Five different WPCB models were collected from a local shop in Lithuania, and it was determined that all WPCBs had been taken from discarded desktop computers (produced between 1998 and 2004), with each model having a distinctive color as illustrated in Table 1 . In order to prepare the boards for separation, all electronic components integrated with the WPCB substrate, such as resistors, integrated circuits, capacitors, relays, transformers, and slots, etc. were removed by using appropriate mechanical tools (such as a chisel), and then the substrate was cleaned with compressed air. Aer this step, three samples with a surface area of 100 mm 2 (about 14 grams)
were cut from each WPCB model using hand cutter (size was chosen according to the optimum results reported by Verma et al. (2016) ). 24 It is worth mentioning that during the cutting of samples from each WPCB, an effort was made to avoid the places with drilling holes, notches, and solder joints to be sure that all the samples have a similar structure as shown in Fig. 1 . Then, the WPCB samples were washed and rinsed with distilled water and acetone to remove any dust, grease, chemicals, adhesive, smudges, etc. and subsequently dried for 24 h at room temperature. Finally, each prepared sample was given a code according to WPCB color and separation temperature, as illustrated in Table 1 . Fig. 2 shows the procedures which were followed to separate all components of the WPCB by using the new technique.
Separation procedure
Ning et al. (2017) suggested that the future research direction of WPCB recycling should focus on a combination of several techniques or in-series recycling to maximize the benets of the process. 27 In order to achieve this goal, chemical treatment (organic solvent) and ultrasonic treatment were used together in the present research as a combination of several recycling techniques. At the beginning, each WPCB sample was placed in an individual ask containing DMF with a solid-to-liquid ratio (WPCB : DMF ratio) of 300 g L À1 . Then, the asks (containing DMF and WPCB samples) were submerged in a sonication bath lled with a vibrating uid (distilled water). Each sample was separated at different temperature values: 25, 50 and 75 C. At 
Recovered material characterizations
Metallographic microscope (model Orchid MCX300) was used to examine the separation of solder and copper tracks against berglass as well as recovered berglass structure. The concentration of BER dissolved in DMF for each WPCB sample was measured by using ultraviolet-visible spectroscopy (UV-VIS: model GENESYS 8). Fourier transform infrared spectroscopy (FTIR, Vertex70 spectrometer) was used to analyze and identify the chemical compounds of the regenerated DMF for each sample. Additionally, scanning electron microscope (SEM: model BPI-T) and energy-dispersive X-ray spectroscopy (EDS) was used to investigate the chemical composition of the recovered metal layers (at cross section).
Results and discussion
Structure analysis of WPCB samples
Aer the complete dissolution and separation of the BER from each WPCB sample using DMF and ultrasonic treatment, it was noted that all the samples had the same structure, which consisted of six layers of berglass (representing WPCB substrate), two copper foil layers (upper and lower layers), two ne-woven berglass layers (upper and lower isolating layers), copper tracks, and two soldermask layers (upper and lower layers). All the layers of WPCBs and tracks were glued together by BER, as shown in Fig. 3 . In addition, the boards contained a certain amount of through-hole pads and leg components for mounting electronic components. It is worth mentioning that the amount and distribution of the through-hole pads and leg components in each sample depended on the WPCB model and the location on the WPCB from where the prepared sample was taken. Also, it was noted that the separation of substrate ber-glass layers was much easier than the separation of isolating berglass layers, where the isolating berglass layers, conductive tracks, and soldermask were separated as one unit (compound unit). Therefore, the compound unit of each sample was placed again in the sonication bath until complete separation was achieved. Fig. 4 shows all the recovered layers of the WPCB samples at the end of the separation process, including the separation of the compound unit. It is worth mentioning that this photo was taken directly aer the complete separation of substrate for the rst sample for all WPCB samples of the same color type. As shown in the gure, all substrate berglass layers (C) and copper foil layers (B and D) of all samples were separated. Meanwhile, there was a signicant difference in the separation rate of upper and lower compound units (A and E), which varied from fully separated to completely unseparated. For example, compound units of the yellow sample were completely separated, while the red sample remained aggregated. Regarding the compound units of the blue, violet, and green samples, their separation was in an intermediate stage. This separation difference might be a result of the different designs of the samples; particularly, the spatial distribution of solder, copper tracks, and isolating berglass (for the compound unit) can create an obstacle for penetration of DMF inside the WPCB structure, thus increasing the separation time. The chemical composition of adhesive material (BER) in each sample can also play a crucial role in the separation process. Therefore, all these obstacles and their effects on the separation time are explained in detail in the following sections. Fig. 5 shows the separation mechanism for components of compound units of red, blue, violet, and green WPCB samples. It is clear that conductive tracks were located in between the soldermask layer and isolating berglass layer, and the separation process started with the removal of the soldermask layer (orange rectangles), followed by exposure of the tracks (orange arrows) and their subsequent separation (yellow arrows). Aer this, the isolating berglass layer and contact area between isolating berglass were exposed to solvent, and DMF was increased, thus starting delamination followed by a complete separation. Also, it was noted that each sample had different conductive tracks (white arrows) in terms of total amount, size, and shape, as well as the amount of attached solder (blue circles). Also, it was noted that the through-hole pads remained tted inside the drilling holes in the berglass sheets (yellow circles). Fig. 6 shows the distribution and amount of throughhole pads in WPCB samples. As shown in the gure, the pads were distributed randomly, and their amounts varied This journal is © The Royal Society of Chemistry 2017 depending on the sample type. Also, some BER still impregnated the separated berglass layers, especially at the middle where DMF was not able to permeate inside the matrix and dissolve the BER. In addition, there was more resin on the surface of the berglass around the through-hole pads, which might have affected the nal separation time, and the chemical composition of the adhesive material (BER) in each sample could also play a crucial role in the separation process. All these hindering factors and their effect on the separation time are explained in detail in the following sections. Fig. 7 shows the effect of WPCB models on the nal dissolution time. It can be seen that at the lowest temperature of 25 C (without heating, only ultrasonic treatment), yellow, green, and violet samples had the shortest separation time, while blue and red samples had the longest. Also, it was noted that the difference between minimum and maximum dissolution time was $53% (32 to 68 h) since the quantity of BER in the WPCBs was not the same, nor its spatial conguration and distribution. With increasing the heating rate to 50 C, signicant acceleration was noted for the separation process of all the WPCB samples, and the same trend was present as at 25 C; i.e., separation time for sample types was yellow < green < violet < blue < red. The difference in the separation time between the samples was $66, 68, 69, 73, and 74% respectively. This may be associated to strong hydrogen bond formation affinity of DMF, leading to breakage of internal van der Waals bonds of BER and acceleration of this phenomenon with increasing temperature.
Separation time of WPCB samples
28
As proof of the above, with further increase of the heating rate to 75 C, the separation time decreased again, and the trend in separation time of yellow < green < violet < blue < red was observed once more. Also, the elevated temperature, enhanced by vibrations, led to the formation of hydrogen bonding between BER and DMF, and thus the dissolution of BER, improving the efficiency of delamination and separation of WPCB samples. This was the main reason to use ultrasonication process in the present study. 29 According to acquired results, the separation of WPCBs using solvent has three main steps: penetration of DMF inside the layers, dissolution of BER between the layers, and delamination of the layers themselves. Contact areas between DMF and WPCB layers can be considered as starting points of the separation process, and their increase leads to acceleration of the separation. The sizes of the contact areas are affected by soldermask layer, copper tracks and solder, which hinder progress of DMF penetration inside the matrix. However, separation time does not count as conclusive evidence for whether each element inside the matrix is fully separated or not for the particular BER type.
BER analysis of WPCB samples 4.3.1. Concentration of BER in DMF for WPCB samples.
The separation of WPCB layers that occurred during the tests was a result of dissolution of BER by DMF solvent. Fig. 8 shows that BER dissolved in DMF aer the end of the separation process. It was observed that during the separation process, the transparent color of DMF changed to blue, red, violet, green, and yellow as some particles of soldermask dissolved and dispersed in the BER/DMF solution. This phenomenon occurred in all samples at different temperatures. In order to study the effect of heating rate on the concentration of BER dissolved in DMF, ultraviolet-visible spectroscopy was used to measure the absorbance of each sample, then the concentrations of BER were calculated using the following equation: absorbency data (at 282 nm wavelength and below 0.85) ¼ 0.016 Â BER concentration (mg mL À1 ).
24 Fig. 9A shows the absorbency data of ethanol and BER/DMF samples against ultraviolet light with the dilution ratio of 1 : 3 at 25 C. As shown in the gure, the absorbance peak was greater than 0.85, while the standard curve is valid only up to this value. Therefore, the BER/DMF solution was diluted again with nal ratio of 1 : 8 to obtain absorbance lower than 0.85, as shown in Fig. 9B . Fig. 9C and D shows the effect of WPCB sample type on BER/DMF absorbance at 50 and 75 C, respectively. It is clear that all models had the same peak at 282 nm wavelength, while absorbency data varied depending on the model type and temperature. Fig. 10 shows the nal concentrations of BER in DMF of the 25, 50, and 75 C samples. As shown in the gure, at all temperatures, red, blue, and violet had the highest concentrations of BER, while green and yellow samples had the lowest concentrations, respectively. Also, it can be seen that the concentrations of BER were directly proportional to separation time; for instance, the red sample (the longest separation time as shown in Fig. 7) had the highest concentration of BER, while the yellow sample, with the shortest separation time, had the lowest BER concentration. The main reason for this was that with longer separation time, DMF had more time to penetrate inside the WPCBs layers and break internal van der Waals bonds of BER, as shown in Fig. 11 . Moreover, in the case of long separation time, DMF (indicated by green circles) can additionally dissolve BER particles directly adhered to the lower or upper layers of berglass (indicated by blue circle), while the short separation time only allows DMF to split the layers by dissolving BER in the middle of the layers (indicated by yellow circles), leaving more BER adhered to the berglass.
30
Regarding the inuence of temperature, it is clear that the concentration of BER in DMF in all samples had the same trend, where 25 C provided the highest, 50 C provided medium, and 75 C provided the lowest concentration. These results came in Fig. 12 SEM images and EDS analysis of recovered epoxy resin. contrast to that expected for the reason that at lower temperatures, DMF does not have the ability to break the bonds of BER quickly and needs another source to accelerate the dissolution process. Accordingly, ultrasonic treatment was used in the developed technique as a dissolution enhancer to accelerate the dissolution process by generating high-frequency sound waves (by means of vibration transducers) with frequencies higher than the upper bonding limit of BER. The summary effect of these waves increases by increasing the operation time (separation time in our case), which leads to increase in the shear rate of BER, thus raising the nal concentration of BER in DMF solution. [31] [32] [33] Therefore, the samples subjected to ultrasound treatment for a longer time due to longer separation had higher concentrations of BER also because of the ultrasound treatment.
Finally, given the points that BER is a base element in WPCBs and the concentrations of BER at 25 C and 50 C were almost the same and signicantly lower at 75 C, it can be concluded that 50 C was an optimum separation temperature in terms of time and BER removal rate, since quickly separated layers of WPCBs at 75 C still contained a considerable amount of adhered BER, while slower separation at 50 C produced purer berglass while requiring less energy for heating. Therefore, in the following section, all analyses and characterizations are focused on materials obtained from treatment at 50 C as optimum conditions for all WPCB types. 4.3.2. Analysis of extracted BER and regenerated DMF of WPCB samples. In order to study the chemical composition of BER of each sample (at 50 C), spent DMF was regenerated by using a rotary decompression evaporator, and BER was collected as a solid residue le aer evaporation of the solvent. 4.3.2.1. SEM-EDS analysis of recovered epoxy resin. Fig. 12 shows the results of SEM-EDS analysis of epoxy resin of WPCB samples aer recovery by rotary evaporator. As shown in the gure, SEM images show slightly different surface morphology for all the samples, which may be a result of different solidi-cation conditions or chemical compositions of BER. EDS analysis revealed that the residue of each WPCB sample contains carbon (C), oxygen (O), and bromine (Br). In addition, insignicant amounts of sulfur (S) and chlorine (Cl) were found, which might be a consequence of soldermask impurities. The composition of samples gives strong evidence that the dissolved epoxy resin was successfully extracted by evaporation. 23 However, the quantitative composition indicates that there is a signicant change in the weight percentage of each element in each sample; e.g. Br amount changed from 9.8 to 28%. Therefore, it can be assumed that the separation time might have been strongly dependent on the chemical composition of BER, especially since the H atom of the methyl group of DMF may participate in H-bonding with Br and O on the parent aromatic chain of BER, thus leading to dissolution of BER by DMF.
4.3.2.2. FTIR analysis of regenerated DMF. Fig. 13 shows the FTIR spectra analysis of unused and regenerated DMF from WPCB samples. As shown in the gure, the characteristic vibrations for the chemical groups in DMF are as follows: at 3000-2850 cm À1 , due to the C-H stretch group; the vibrations of C-N stretch groups at 1250-1020 and 657 cm À1 ; and the strong band at 1670 cm À1 is the C]O stretch. 34 Also, the FT-IR spectra of the samples of regenerated DMF have the same characteristic vibrations and bands as the sample of unused DMF. Accordingly, regeneration of used DMF is highly recommended due to its signicant economic and environmental benets.
Morphology of recovered woven berglass
Fiberglass is used in printed circuit boards (PCBs) as an electrical insulator element, especially in FR-4 epoxy resin-woven berglass laminates, due to its good strength-to-weight ratio, zero water absorption, and high thermal resistance. However, there is a difference between the berglass used in different PCB laminates such as G-10, G-11, FR-5 and FR-6. 35 The main variation in each type is in the mesh size and ber orientation.
36
Besides that, there are currently some additives used to improve the berglass properties that might affect the separation time. Fig. 14 shows the morphology of substrate berglass and isolating berglass layers of green, blue, violet, red, and yellow samples, with 500 mm scale. As shown in the gure, all the berglass layers (substrate and isolating) had plain woven berglass structure, but with different berglass bundle sizes in the we "X" and warp "Y" directions. Also, it was observed that the berglass remained encapsulated in epoxy resin with bundles attached to each other by the bonding action of resin. Fig. 15 shows the SEM-EDS analysis of the metal samples recovered from WPCBs, with the analysis made at the crosssection of each sample. As shown in the gure, the fracture surface of all samples has similar features (dull and brous surface). Also, chemical analysis shows that Cu has a strong presence in all the samples, with different percentages (88 to 94.2%) since it is a main metal for manufacturing of electrical conductive components of PCB. 37 In addition, small amounts of carbon (3.5 to 7.6 wt%) and oxygen (2.2 to 4.9 wt%) were found in all recovered metal samples. These results give strong evidence that Cu is a main metallic element in all the WPCB samples, and there is a slight variation in chemical composition and proportions of each WPCB sample.
Chemical composition of the recovered metal layers
5. Recovered metal, non-metal, and regenerated DMF mass balances Table 2 shows the recycling rate for metals and non-metals (berglass and epoxy resin) recovered from the WPCB sample as well as regenerated DMF. As illustrated, the recycling rate was relatively high, being, for all the WPCBs, in the range of 97.5-99%, while for DMF these values were 97-98%. There were some variations noticed in the weight of recovered metal-the amount varied from 0.164 to 0.288 g ($43% variation); the same deviation could be seen in the weight of non-metals (berglass and epoxy resin) 0.42-0.51 g ($17% variation). This means that the recycling output and benet can be highly dependent on the WPCB model.
Conclusion
In the present work, layers and elements (copper foils, ber-glass layers, and BER) of ve samples taken from different WPCB models were recovered by using an organic solvent (DMF) and ultrasonication process performed at low temperatures in order to decrease the emission of toxic gases and power consumption during the separation process. Also, the structure and chemical composition of the recovered layers and elements from the samples were investigated, and their inuence on the nal separation time was studied. The experimental results highlighted the following:
(a) All the WPCB samples had similar structure, which comprises six layers of berglass (representing WPCB substrate), two copper foil layers (upper and lower layers), copper tracks, through-hole pads, and two soldermask layers (upper and lower layers).
(b) Substrate berglass layers in all the samples were different from isolating berglass, with isolating layers having a signicantly lower width of berglass bundles.
(c) Copper was the main metallic element in all models, but with varying proportions of 86-93 wt%.
(d) Bromine was the main major constituent of epoxy resin polymer in all the WPCB types; it was present in varying percentages of 9-28 wt%. Therefore, different WPCB types contained epoxy resin of different compositions, which may have inuenced the separation time.
(e) The current recycling approach can be characterized as more efficient for countries with a hot climate because the developed technique does not require a high heating rate to reach optimum process temperature 50 C (based on the concentration of BER in organic solvent). Finally, based on the previously mentioned results, the developed technology seems to be promising in terms of being economical and environment-friendly. Furthermore, it can be applied at the industrial level, since the developed technique does not require a signicant amount of facilities; in particular, only sources of sound waves (transducers) and heating (50 C)
are needed, while other recycling techniques oen require much higher temperatures and pressures, e.g. supercritical uid treatment, pyrolysis, and gasication. Also, the recovered metal and non-metals can be used to address the shortage of mineral resources for the electronics industry as well as for composite material applications. 
